Cyclic mechanical loading can stimulate bone cells in vivo, resulting in the mechano-adaptive osteogenic response of bone. The objective of this study was to investigate the capability of mechanical loading to promote three-dimensional osteoblastic calcification in vitro. A bone-like construct was made by seeding osteoblasts that were obtained from mesenchymal stem cells of rat bone marrow into a type I collagen sponge scaffold. A sinusoidal compressive mechanical load with a peak of 0.2% deformation was applied to the construct at 0.8 Hz for 3 min per day for 35 consecutive days using a piezoelectric mechanical stimulator. This mechanical loading applies not only substrate strain, but also oscillatory fluid flow strain to the cells in the sponge. The degree of osteoblastic calcification was monitored non-destructively once a day utilizing a near-infrared light. The degree of calcification was evaluated as bulk density or calcium content (mg/cm 3 ) based on the optical data. In constructs stimulated by mechanical loading, the degree of calcification started to increase after day 10 and ultimately reached a bulk density of about 44 mg/cm 3 and a calcium content of about 4 mg/cm 3 . In contrast, controls without stimulation did not display a noticeable increase in calcification. Microscopic observation of cross-sectioned samples revealed a heterogeneous distribution of calcification, where a rich calcified matrix was observed in the upper region of the construct, which also had a higher cell density. In conclusion, mechanical loading could enhance osteogenesis in vitro, suggesting its applicability to bone tissue engineering.
Introduction
Bone is exposed daily to a complex mechanical environment, but can spontaneously adapt to this environment by changing the density and structure of mineralized bone matrix. This characteristic of bone allows osteogenesis to be artificially elicited by the application of mechanical loading to bone (1, 2) . Previous studies have focused on this anabolic effect of mechanical loading and have proposed that mechanical loading could be used as a non-pharmacological intervention for osteoporosis (3) (4) (5) . These in vivo findings suggest an osteogenic potential of mechanical loading in vitro. Realization of a mechanically promoted osteogenesis in a three-dimensional (3D) culture environment could not only be a useful experimental model for understanding the mechanism that underlies the mechano-adaptive responses of bone in vivo, but could also have medical applications as a tissue-engineered bone graft with a short pre-culture period that could be used for implantation into bone defects. Stimulus effects of mechanical loading (or stretch) on osteogenic responses of osteoblasts in vitro have traditionally been investigated using two-dimensional (2D) culture systems, by measuring intracellular signal transduction molecules such as Ca 2+ , prostaglandin E2 (PGE 2 ), cyclic adenosine monophosphate (cAMP), nitric oxide (NO), mitogen-actiated protein kinase (MAPK), the activator protein 1 (AP-1) (6) (7) (8) (9) (10) , cell proliferation (11, 12) , and gene expression of bone-formation related proteins such as collagen type I, alkaline phosphatase (ALP), osteopontin, osteocalcin at the mRNA (13, 14) or protein (7, 9, 11) level. Recently, similar effects of mechanical loading have been reported at the mRNA (15) (16) (17) or protein (17, 18) level, even in 3D culture environments constructed with a variety of scaffolds. However, these results regarding the early responses of osteoblasts to mechanical loading only provide indirect evidence of the osteogenic capability of mechanical loading in vitro. Direct observation of osteoblastic calcification gives more reliable data regarding the osteogenic capability of mechanical loading, although such studies require a longer culture period. In limited studies, load-promoted osteoblastic calcification under 3D culture conditions has been demonstrated using scaffolds made of a variety of materials, including demineralized bovine cancellous bone (19) , electrospun poly (ε-caprolactone) (PLC) fiber mesh (20) , and porous polyurethane (21) , by application of much larger deformations (5 -20%) than the peak functional bone strains (0.21 -0.32%) (22) .
Unfortunately, to date, calcification comparable to that of natural bone has not yet been achieved, suggesting the necessity of further research into scaffold materials and loading regimens.
In this study, in order to investigate the osteogenic capability of mechanical loading in vitro, a mechanical load with a deformation in the physiological range was applied to bone-like constructs and the change in the degree of calcification was monitored for 35 consecutive days. Additionally, in order to determine the distribution of calcification in a construct, microscopic observation was performed on thin cross-sectioned samples.
Materials and Methods

3D-cultured osteoblasts
Osteoblasts were derived from mesenchymal stem cells in bone marrow that was taken from the femurs of 12-week-old female Sprague-Dawley (SD) rats. These stem cells were pre-cultured for 7 -10 days in osteogenic medium, which is α-modified minimum essential medium containing 10% fetal bovine serum, 1% antibiotics cocktail (100 U/ml penicillin and 100 µg/ml streptomycin), 50 µg/ml L-ascorbic acid, 10 -8 M dexamethasone, and 10 mM β-glycerophosphate (23) . Osteoblasts that differentiated from the stem cells were collected and 0.7 × 10 6 cells were gently seeded onto the top surface of a porous scaffold of type I collagen sponge (Zimmer Dental Inc., CollaCote, L16 mm × W20 mm × t2 mm) with interconnected pores (pore size: 89 ± 28 µm (1SD)), that was placed in the culture chamber of a mechanical stimulator (referred to as the construct, Fig. 1a ). The mechanical stimulator was sterilized by ethylene oxide gas before cell seeding. Eight samples were prepared, four of which were stimulated by mechanical loading, and the other four were employed as non-stimulated controls.
Mechanical loading
The piezo-type mechanical stimulator used in this study was described previously (18, 24) . Briefly, a bimorph-type piezoelectric actuator gives mechanical compressive deformation to a construct in the culture chamber (Fig. 1a) . In the loading direction, one side wall of the construct was fixed to the plunger of the stimulator with silicon rubber glue, and the opposite side was simultaneously fixed to the chamber wall of the stimulator. Input voltage amplified by a high-speed amplifier induces bending of the actuator, causing maximum displacement at the center of the actuator. This displacement is then transferred to the construct. The actuator is feedback-controlled using signals from an eddy current-type displacement sensor set at the center of the actuator. In this study, a sinusoidal compressive deformation of 0.2% peak was applied to a construct at 0.8 Hz for 3 min per day for 35 consecutive days. This cyclic deformation generates oscillatory flow of the culture media in the collagen sponge that synchronizes with the loading waveform; consequently, the cells are mechanically stimulated by both matrix strain and by fluid shear (Fig. 1a ) (25) .
Optical monitoring of calcification
Destructive measurement methods have generally been used for evaluation of the degree of calcification of 3D-cultured osteoblasts (26) . However, these methods require many samples and observation time points for long-term monitoring. To avoid this problem, we have developed a compact optical device composed of four near-infrared light emitting diodes (LEDs) and a Germanium-type photodiode (PD) that allow non-destructive observation of 3D osteoblastic calcification (27) . In this study, we linked this optical device to the mechanical stimulator described above. This optical device was placed underneath the culture chamber of the mechanical stimulator (Fig. 2) . The LEDs irradiate a construct with near-infra-red light at a wavelength of 850 nm, whose intensity (I 0 ) increases in a linear fashion, and diffuse light reflected from the construct (I) is detected by the PD. Since a higher degree of calcification makes the slope of the I 0 -I curve steeper, the degree of calcification can be evaluated using the slope of the I 0 -I curve.
To calibrate this system, 28 constructs with varying degrees of calcification were prepared in polystyrene φ35 mm-culture dishes (Falcon, 3502) referring to our previous study (27) . To make different degrees of calcification, the collagen sponges were populated by rat osteoblasts at a cell density of 0.5 × 10 6 or 1.0 × 10 6 /sponge, and were cultured in the osteogenic medium for different periods of time ranging from 1 to 35 days. For each construct, the slope of the I 0 -I curve, apparent volume, bulk density, and calcium (Ca) content of the construct were measured. Since a construct shrinks due to the force of cellular contraction under culture conditions (27) , the apparent volume of the construct was determined by measuring the top and side areas of the construct on close-up pictures. Bulk density was calculated by dividing the dry weight by the apparent volume of the construct (mg/cm 3 ). After measurement of the bulk density, dried scaffolds were dissolved in 1 ml of 1 N HCl, and were then frozen at -20 °C. Frozen constructs were homogenized using a plastic stick to enhance dissolution. The sample solution was centrifuged and separated into supernatant and debris. The Ca content of the supernatant was quantified using a kit (Calcium E-Test Wako Kit, Wako Chemicals) based on the methylxylenol blue (MXB) method and a photospectrometer (Hitachi, U-1900). Standards were also prepared in 1 N HCl and Ca content was expressed in mg per the apparent volume of the construct (mg/cm here, BD and CC represent bulk density and Ca content, respectively. S denotes the slope of the I 0 -I curve. Thus, based on the measured slope of the I 0 -I curve, the degree of calcification of the construct was evaluated in terms of bulk density or Ca content. In this study, the degree of osteoblastic calcification was measured once a day and the values of control and stimulated constructs were compared on each day.
Histological observation
To observe the network of collagen fibrils, and the distribution of osteoblasts and calcification in a construct, thin sections of the constructs were prepared and stained as follows. Constructs were taken out of the culture chamber after the mechanical stimulation experiment (on day 35) and were fixed with 100 mM cacodylate buffer containing 2% paraformaldehyde and 2% glutaraldehyde at 4 °C for 12 h. The scaffold was cut into several pieces, dehydrated in a series of graded ethyl alcohols, and then soaked in xylene. Pieces of the construct were embedded in paraffin, and were then cross-sectioned at a thickness of 5 µm. After deparaffinization in xylene and a series of degraded ethyl alcohols, each section was stained with hematoxylin and eosin (HE) or by the von Kossa staining method for microscopic observation of the appearance of the collagen network or for the distribution of calcification in the cross-section, respectively. The other sections were strained with the DNA stain, DAPI (Invitrogen) for fluorescence microscopic observation of cell distribution in a cross-section.
Results
Mechanical loading significantly promoted the calcification of osteoblasts that were cultured under 3D-conditions in a collagen sponge. Figure 3 shows the changes in the bulk density of constructs over the culture period. The degree of calcification started to increase in stimulated constructs after day 10 and ultimately reached, on average, 44 mg/cm 3 of bulk density (4 mg/cm 3 of Ca content) at the end of the culture period. On the other hand, in control constructs, no noticeable increase in bulk density was observed. On day 35, the bulk density of the stimulated construct was 1.8-fold higher than that of the control. Figure 4 shows typical close-up photographic images of the constructs on days 10, 20, and 30. On day 10, there was no significant difference between control and stimulated constructs and there was no obvious calcified area in any construct. On day 20, the stimulated construct was spotted with white turbid areas that represent calcification. In contrast, the control construct did not show any changes. On day 30, the white area in the stimulated construct had become more obvious. The control construct also had white turbid areas at the edge. A typical microscopic picture of a cross-section in the loading direction is shown in Fig. 5 , in which the area on the right is calcified, whereas the area on the left is not (Fig. 5a) . A comparison of HE-and von Kossa-staining, which indicate the network structure of collagen fibrils (Fig. 5b) , and the calcified region in the corresponding plane (Fig. 5c) , respectively, indicated that calcified matrix is present mainly in the upper region of the construct. Figure 6 shows a representative DAPI-stained cross-section of a construct, showing a typical distribution of osteoblasts within a construct. There was stronger DAPI-staining in the upper region than in the middle and lower regions of the construct, and thus a higher cell density in the upper region. No obvious differences between control and stimulated constructs were detectable in the cross-sections.
Discussion
Mechanical loading significantly promoted the degree of calcification of a construct made of a collagen sponge scaffold and rat primary osteoblasts, compared with a non-loaded control. This result provides direct evidence that mechanical loading is a potent enhancer of 3D osteogenesis in vitro. However, the bulk density induced by mechanical loading at the end of culture period was as small as about 44 mg/cm 3 . This density is only one-fourth and one-third of the trabecular bone density in premenopausal and osteoporotic women, respectively (28) . Modifications of the loading regimen are needed to improve the in vitro osteogenic effect of mechanical loading. One factor which should be considered is the frequency of loading. In the present study, a compressive load was applied to a construct at 0.8 Hz. Loading at a higher frequency, such as at 2 Hz (29) , 15 − 20 Hz (2, 30) , or at 30 − 90 Hz, even with a small magnitude (3, 31, 32) , has previously been reported to have a higher osteogenic effect in vivo. Similar findings have also been demonstrated in 2D culture studies in vitro. Pre et al. (33) reported that osteoblasts express a greater number of bone matrix protein genes at the mRNA level in response to vibration at 30 Hz, although the response was lower at higher frequencies of 40 Hz and 60 Hz. Kasper et al. (12) showed that the effect of loading frequency is modulated by cycle number, and suggested that loading frequency should not be considered separately from the effects of other conditions of mechanical loading, which further complicates this issue. Under 3D culture conditions, it has been demonstrated that addition of a low-amplitude vibration with higher frequency components up to 50 Hz to a sinusoidal mechanical loading at 2 − 3 Hz improves the mechanical sensitivity of bone cells (17, 18) . The frequency dependence of the osteogenic effect of mechanical loading is not yet fully understood and is still controversial. The magnitude and duration of loading are other factors to be taken into consideration in order to successfully induce osteogenesis in vitro. The present study demonstrated that a loading magnitude of 0.2% and a daily stimulation time of 3 min were sufficient for the promotion of osteogenesis in vitro. This result is consistent with the fact that osteogenesis can be promoted in vivo by application of external loading under similar conditions (34) .
Various conditions that involved larger deformations (0.4% (7) , 5% (21) , or 10 − 20% (20) ) or longer durations (10 min (19) , 2 h (21) , or 4 h (20) ) have been previously adopted to induce in vitro osteogenesis. Koike et al. (35) compared the application of mechanical strains ranging from 0.8% to 15% to 2D cultures and showed that smaller strains had a higher stimulatory effect on osteoblastic differentiation that was assessed at the mRNA level. Regarding stimulation time, Pre et al. (33) demonstrated that higher expression of osteogenic genes was elicited from human osteoblasts by exposing them to vibrations of greater than 45 min duration. Although the calcification level was not assayed in that study, these findings suggest that a larger magnitude and a longer duration of daily loading have a higher osteogenic potential. Nevertheless, the exact loading conditions required to maximize osteogenesis are still unknown. In the present study, mechanical load was applied to osteoblasts in 3D-culture in a collagen sponge scaffold using a piezo-driven mechanical stimulator. Application of a mechanical load to a sponge-based construct results in the stimulation of osteoblasts by two kinds of mechanical stimuli: substrate strain and fluid shear of the culture medium. These stimuli mimic the mechanical environment in vivo, where, under mechanical loading, osteocytes are exposed to fluid flow running through canaliculi and lacunae in bone matrix that is strained by the loading. This phenomenon is generally called strain-induced fluid flow (SIFF) (36) . Weinbaum and colleagues predicted the magnitude of 0.8 − 3 Pa for the shear stress induced by SIFF in the pores using a mathematical model (37) . On the other hand, the shear stress of SIFF in our construct could be estimated at as small as 0.01 Pa by referring to our experimental data obtained from the visualization of fluid flow using microspheres (25) . Previous studies have demonstrated a stimulus effect of fluid shear stress on the osteogenic response of bone cells by measurement of intracellular Ca 2+ dynamics (38, 39) , of the expression of bone-formation related genes at the mRNA (40) or protein (40, 41) level, or of mineralization (42) . Furthermore, fluid shear has been reported to have a stronger effect than strain alone on osteoblast activation in vitro (13, 14, 25) . Additionally, fluid flow can realize efficient chemotransport in a porous scaffold (39) , which could contribute to activation of the osteogenic response of osteoblasts. Therefore, it could be speculated that fluid shear plays a considerable role in the promotion of calcification by mechanical loading cooperating with matrix strain, even if it is small, Further investigations are needed to validate this speculation. Type I collagen is the major organic component of bone tissue, and is therefore an ideal scaffold material with good biocompatibility. Furthermore, collagen fiber can stimulate osteoblastic differentiation through interactions with α2β1 integrins on the cell membrane (43) . On the other hand, because collagen is soft, shrinkage of a collagen scaffold is induced by the traction force of cells during culture, leading to an increase in local cell density. Since lowering of the cell density delays the formation of mineralized bone like-tissue in vitro (44) , this cell-induced shrinkage would contribute to calcification of the construct. Nevertheless, a stiffer scaffold would be more appropriate for clinical usage in order to maintain the shape that is required for implantation. Cross-sections of the construct in our study demonstrated a heterogeneous distribution of calcification and osteoblasts within a construct (Fig. 5) . Thus, the upper region of the scaffold had a higher degree of calcification and a higher cell density than the lower region (Fig. 6) . In the present study, the construct was made by placing osteoblasts that were suspended in culture media onto the upper surface of a porous collagen scaffold. The cells drop down into the deeper side of the scaffold by gravity, but most cells would be trapped by the fibril network of collagen in the upper region of the scaffold, resulting in a higher cell density and in earlier calcification. Therefore improvements in the cell seeding method are desired to ensure homogeneous distribution of calcification within a construct. The top surface of the construct also showed heterogeneous calcification (Fig. 4) . This heterogeneous calcification is likely to be caused by site-dependent differences in microstructure-e.g., in the size and direction of the pore, or in local cell density, both of which modulate the magnitude of fluid shear applied to the cells-which would affect cell maturation. The control of fluid flow within a construct appears to be the key to elicit more homogeneous and higher calcification from osteoblasts in the scaffold. The heterogeneous distribution of calcification brings our optical device some limitations. Although the degree of calcification is determined dominantly by the amount of calcification in a construct, the degree values should be affected by the distribution of calcified region, because that the scattering behavior of light varies depending on the distribution. Additionally, it should be noted that our device gives us an averaged degree of calcification over the construct, but not a local degree in a calcified region.
Conclusion
In this study, the in vitro osteogenic capability of mechanical loading was tested by application of a sinusoidal compressive load for 35 days to a tissue-engineered bone, which was constructed by culture of rat primary osteoblasts on a porous collagen scaffold. Non-destructive monitoring showed that mechanical loading significantly increased the degree of calcification of the construct over the culture period. From the obtained results, it was concluded that mechanical loading could function as a potent enhancer of osteogenesis in vitro, suggesting the usefulness of mechanical loading in bone tissue engineering.
